Although in vitro maturation (IVM) of oocytes has been used for a relatively long time, during which the culture conditions have improved remarkably, the resulting germ cells are still not fully comparable to the cells obtained from the ovary in many important aspects, namely in fertilization rate and subsequent embryonic development. Some of the differences between IVM and in vivo maturation (IVV) oocytes were already discovered, including variability in spindle assembly and morphology. In this study we focused on a role of molecular motor Kif11 (hereafter referred to as Eg5) in maintaining bipolar spindle structure in IVM and IVV oocytes. Our experiments revealed that in IVM oocytes, Eg5 is abundant on meiosis II spindle, which makes these cells more sensitive to Eg5 inhibition than IVV oocytes. We further demonstrate that this sensitivity is acquired gradually with exposure to the in vitro conditions. This is a remarkable difference in function of spindle apparatus between IVM and IVV oocytes, and we believe our results are important not only for understanding of the chromosome segregation in mammalian oocytes but also because they indicate cells are using alternative pathways to achieve the same function when exposed to different conditions.
INTRODUCTION
Fully grown, mitotically competent mammalian oocytes are capable of resuming and completing both meiotic divisions in vitro [1] . However, the data from several species demonstrate that the fertilization rate and the developmental capacity of in vitro maturation (IVM) oocytes are lower than those of in vivo maturation (IVV) oocytes [2] [3] [4] [5] . It seems that the impact of IVM on the quality of female gametes is quite complex, affecting multiple processes and events, including gene expression and epigenetic profile [5] [6] [7] [8] , distribution of cortical granules [9] , size of the polar body [10, 11] , structure of the zona pellucida [12] , polarity of granulosa cells [13] , and position of the spindle [14] . A typical example of the subcellular structure that seems to be particularly sensitive to the IVM conditions is the spindle. Thanks to the effort of several laboratories, we already know that the morphological parameters of the spindle, including its dimensions and volume, are affected in IVM oocytes [10, 11, [15] [16] [17] [18] . Moreover, from the same experiments, we also know that the important molecular characteristics, including level of acetylation of the microtubules, distribution of c-tubulin, and the number of microtubule organizing centers are also changed in IVM oocytes in comparison to those in cells obtained from the ovary.
In our study, we focused on functional characterization of meiosis II (MII) spindles in IVM and IVV oocytes. Our data uncovered functional changes introduced by IVM, namely the higher demand for Eg5 in maintaining bipolar spindles in IVM oocytes, which are not only very important for our understanding of chromosome segregation in mammalian female germ cells but have crucial implications for in vitro manipulation of germ cells used in human and animal reproduction.
MATERIALS AND METHODS

Animals
CD-1 mice were purchased from Animal Breeding and Experimental Facility, Faculty of Medicine, Masaryk University, Czech Republic. Bl/6 and MF1 mice were purchased from Anlab (Czech Republic). CD-1/BDF1 female mice were obtained from crossing CD1 females and BDF1 males (Anlab, Czech Republic). All animal work was conducted according to Act number 246/1992 Coll., under the protection of animals against cruelty under supervision of Central Commission for Animal Welfare, approval IDs 1285/ 2011, 1504/2013, and 1566/2014.
Mouse Stimulation, Oocyte Collection, and Maturation
All experiments were performed using 9-to 20-wk-old animals. Germinal vesicle (GV) stage oocytes were collected from ovaries in M2 medium (SigmaAldrich) containing 100 lM 3-isobutyl-1methylxantine (IBMX; SigmaAldrich). Cells were cultured in M16 medium (Sigma-Aldrich) supplemented with IBMX and covered with mineral oil (Sigma-Aldrich) for 1 h at 378C in the presence of 5% CO 2 . Only oocytes, which achieved GV breakdown (GVBD) within 90 min after removal of IBMX from the medium, were used for experiments. All experiments were performed using MI and MII stage oocytes, which were obtained from mice previously stimulated with 5 IU of gonadotropin from equine chorionic gonadotropin (eCG; Sigma-Aldrich), followed 44-48 h later by stimulation with 5 IU of human chorionic gonadotropin (hCG, Sigma-Aldrich). Oocytes were collected by manual rupturing of Graafian follicles in M2 medium at 6 h (MI stage) or from the ampulla at 12, 14, 16, or 18 h post-hCG administration (MII stage). The cumulus cells were removed by gentle pipetting in M2 medium with hyaluronidase (150 IU/ml; Sigma-Aldrich). Cells were subsequently cultured in M16 medium and covered with mineral oil under the standard conditions. . Left and right panels show meiosis II spindles of IVM and IVV oocytes before and after exposure, respectively, to 100 lM monastrol for 2 h. The scale represents 5 lm. B) Quantification of spindle defects (from three independent experiments) in control IVM oocytes (n ¼ 62), in IVM oocytes exposed for 2 h to 100 lM monastrol (n ¼ 86), in control IVV oocytes (n ¼ 63), and in IVV oocytes exposed for 2 h to 100 lM monastrol (n ¼ 79). Spindles were scored as full length (green bars), shortened (orange bars), or collapsed (red bars). Differences between the number of collapsed spindles between IVM and IVV oocytes exposed to monastrol are statistically significant (***P , by using an I10 microinjector (Narishige) on a model DM IL inverted microscope (Leica). Complementary RNAs for microinjection encoding open reading frames (ORF) of mouse kinesin 5, b-tubulin, and H2B fused with the fluorescent proteins CFP, Venus, and mCherry were prepared by in vitro transcription and polyadenylation, using an mMESSAGE mMACHINE T3 transcription kit and poly(A) tailing kit (Life Technologies). After microinjection, oocytes were cultured at 378C in the presence of 5% CO 2 . In the rescue experiments, cells were microinjected in the presence of 100 lM monastrol (Sigma-Aldrich).
Live-Cell Imaging
Two hours after microinjection, oocytes were transferred to an SP5 confocal microscope (Leica), equipped with an incubator (EMBL), allowing time-lapse documentation of experiments in the presence of 5% CO 2 at 378C. Settings of excitation wavelengths 415, 488, and 561 nm; an HCX plan apochromat 340/1.1 water, numerical aperture 1.1 objective; and hybrid detectors were used for detection of CFP, Venus, and mCherry signals. Typically, the pixel size of acquired images was 191.3 lm, and the z-resolution was 2.01 lm. For all live-cell imaging experiments, 200 lM monastrol was used.
Kinetochore-Counting Assay and Immunofluorescence Staining
The immunofluorescence protocol and kinetochore-counting assay were modified from Duncan et al. [19] and Sebestova et al. [20] . At 20 h after GVBD, MII stage oocytes were selected and incubated in M16 medium with 100 lM monastrol (Sigma-Aldrich) for 2 h at 378C and 5% CO 2 . For analysis of cold-stable microtubules, the protocol from Lane et al. [21] was adopted. In certain experiments, 100 lM nocodazole (Sigma-Aldrich) was used to disrupt spindles for 30 min. 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories) was used for mounting. The oocytes were scanned using an AF6000 inverted fluorescence microscope with HCX plan apochromat 3100 1.4-0.7 oil objective with numerical aperture of 1.4 and Microsystems camera model DFC365FX (Leica). Filter cubes A (excitation filter BP 360/40), green fluorescent protein (GFP; excitation filter BP 470/40), and dsRed ET (excitation filter BP 546/11) were used for detection of DAPI, Alexa Fluor 488, and Alexa Fluor 555. The x-y resolution of images was 92 nm, and LAS AF software was used to achieve optimal z-resolution. For measurement of interkinetochore distances, the chromosomes were stained by DAPI in PBS, and cells were scanned using an SP5 confocal microscope equipped with HCX plan apochromat 340/1.1 water objective with numerical aperture of 1.1 (Leica), in drops of PBS covered with mineral oil. For detection of DAPI and antibodies labeled with Alexa Fluore 488, 555, 568, or 647 excitation, wavelengths of 405, 488, 561, and 631 nm were used. The pixel size ranged from 50.3 to 113.3 nm, and the z-resolution was set to 0.2 lm to obtain proper resolution for three-dimensional (3D) reconstruction. For this measurement, only the cells with spindle axis parallel to the scanning plane were scanned to avoid the changes introduced by rotation of the spindle and chromosomes.
Image Analysis
Data analysis was performed using ImageJ (ImageJ, U.S. National Institutes of Health, http://imagej.nih.gov/ij), LAS AF (http://www.leica-microsystems. com), and Imaris software (www.bitplane.com). The interkinetochore distance was measured in 3D as the distance between the central mass of two sister kinetochores signals. For counting of kinetochores, measurement of spindle length and quantification of tubulin density, the same software tools were used.
Isolation of RNA and mRNA Quantification
Total RNA was extracted from 50 oocytes per group using Trizol (Life Technologies) and standard protocol. Prior to RNA isolation, in vitro transcribed EGFP cRNA was added (0.25 ng) to each group, which was later used as an external control for RNA recovery and normalization of the quantitative PCR (qPCR) data. Complementary DNA (cDNA) synthesis was performed using random hexamers and Supescript III first-strand synthesis SuperMix (Life Technologies). qPCR was performed using Kapa SYBR Fast MasterMix (Kapa Biosystems) in a LightCycler model 480 unit (Roche). Each reaction was performed in triplicate and repeated twice. The following primers were used for detection of EGFP, TTCAAGATCCGCCACAACATCG and GACTGGGTGCTCAGGTAGTGG; and Eg5 was detected using primers ACCTCCAAGAAAACATACACGTT and CGAAGATGGTGCAATTA TAGCCC.
Statistical Analysis
Statistical analysis was performed using Prism version 5.00 software (GraphPad Software) for Macintosh (Apple). The statistical significance of the difference between control and experimental group was tested using MannWhitney U-test, one-way ANOVA, and chi-square test for categorical data, respectively.
RESULTS
Different Effect of Eg5 Inhibition on MII Spindles in IVM and IVV Oocytes
In order to study the effect of IVM on the MII spindle, IVM and IVV oocytes were exposed to monastrol, an inhibitor of the molecular motor Eg5, which is essential for bipolar spindle maintenance in oocytes [22] . Monastrol was frequently used for the purpose of disruption of bipolar spindles in oocytes [19, 23, 24] . For this experiment, we used IVM cells matured for 20 h in the incubator, whereas the IVV oocytes were isolated for 18 h after hCG stimulation from the oviduct. The reason for this time difference is the accelerated MI in IVV oocytes (Supplemental Fig. S1A ; all supplemental data are available online at www.biolreprod.org). Scoring GVBD in oocytes in the ovary following hCG stimulation showed that the resumption of meiosis starts between 2 and 3 h after hormonal stimulation, and most cells extrude their polar bodies (PBE) between 9.5 and 11.5 h after hCG stimulation. A majority of IVM oocytes resumed meiosis within 90 min after IBMX removal from the medium and achieved PBE between 8 and 11 h. Aligning IVM and IVV oocytes to the time of GVBD showed that PBE in IVV oocytes is accelerated in comparison to that in IVM oocytes by 2-3 h, and therefore, for our experiments we used 20-h IVM oocytes and 18-h IVV oocytes. Both groups of cells were exposed to 100 lM monastrol for 2 h. To our surprise, we noticed that the sensitivity to monastrol depended on whether oocytes matured in vitro or in vivo (Fig.  1 , A-D, Supplemental Movies S1 and S2). Upon exposure to the same levels of the inhibitor in the maturation media, spindles in 83.15% of the IVM oocytes collapsed and remained bipolar in 16.85% of oocytes, although their length was clearly shorter (Fig. 1, A, upper panel, and B) . In contrast, 93.42% of the spindles in IVV oocytes were shorter than the controls, and 
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only 6.58% collapsed (Fig. 1, A, lower panel, and B) . Importantly, in both groups, no cells whose spindle lengths were similar to those of control (full length spindles) were observed after the exposure to monastrol. In order to analyze the dynamics of the spindle collapse, metaphase II IVV and IVM oocytes were injected with cRNAs encoding histone H2B and tubulin fused to fluorescent proteins [20] . Cells were subsequently exposed to monastrol, and time-lapse images were recorded (Fig. 1C and Supplemental Movies S1 and S2). Stacks of images were acquired every 5 min, and image analysis showed a quite rapid effect on the spindle (Fig. 1, C  and D) . The differences between IVV and IVM oocytes were significant (P , 0.0001), and, although the effect of monastrol was visible almost instantly in some cells, the proportion between shortened and collapsed spindles in IVM oocytes stabilized within the first 2 h (Fig. 1D) . To exclude the possibility that the resistance to monastrol in IVV oocytes was due to the hormonal stimulation, we compared the dynamics of the response to monastrol in IVM oocytes with and without eCG stimulation and found no effect (data not shown). We also tested earlier time intervals, 12, 14, and 16 h, in order to determine whether the sensitivity to monastrol in IVM oocytes Measurements represent distances between the centers of maximal density of kinetochore signals, and the differences between groups are significant (P , 0.0001). Data were collected from three independent experiments. C) The effect of Eg5 overexpression on the distances between sister kinetochores in IVM oocytes (2.023 6 0.3848 lm [n ¼ 240]) and in IVM oocytes microinjected with Eg5 cRNA (IVMþEg5) (2.371 6 0.4577 lm [n ¼ 220]) are shown. Data were obtained from three independent experiments, and the differences between groups are significant (***P , 0.0001).
FIG. 4. Sensitivity to monastrol depends on duration of IVM and decreases with its duration.
A) The following groups of IVM oocytes were processed for DNA a-acetylated tubulin and CREST staining and were subsequently scored for spindle defects: IVM oocytes for 20 h in maturation (n ¼ 51); IVM oocytes for 20 h in maturation plus 2 h in 100 lM monastrol (n ¼ 53); IVM oocytes 28 h in maturation (n ¼ 57); and IVM oocytes for 28 h in maturation plus 2 h in 100 lM monastrol (n ¼ 59). Full-length (green bars), shortened (orange bars), and collapsed (red bars) spindles were counted. The proportion of cells with collapsed spindles is significantly different between the eggs matured for 20 h and those matured for 28 h prior to monastrol exposure (P ¼ 0.0004) in all three independent experiments. B) The following groups of IVM and IVV oocytes were processed for DNA, tubulin, and CREST staining and scored for spindle defects: IVM oocytes 20 h in maturation (n ¼ 98); IVM oocytes for 20 h in maturation plus 2 h in 100 lM monastrol (n ¼ 103); MI IVV oocytes isolated 6 h after hCG and then cultured for 12 h in vitro (n ¼ 109); MI IVV oocytes isolated 6 h after hCG and cultured for 12 h in vitro and then for 2 h in 100 lM monastrol (n ¼ 98); IVV oocytes isolated for 20 h after hCG (n ¼ 101); and IVV oocytes isolated for 20 h after hCG and cultured for 2 h in 100 lM monastrol (n ¼ 110). Full-length (green bars), shortened (orange bars), and collapsed (red bars) spindles were scored, results showed significant differences between groups (P , 0.0001), and data were collected from four independent experiments. C) The scoring of spindle defects in following groups: IVV control oocytes (n ¼ 55); IVV oocytes exposed to 100 lM monastrol (n ¼ 56); IVV oocytes treated with 100 lM nocodazole (n ¼ 45); IVV oocytes treated with nocodazole for 30 min and then washed into M16 medium for 2 h (n ¼ 44); and IVV oocytes treated with nocodazole, washed into clean medium for at 20 h post-hCG was not a consequence of in vitro aging (Supplemental Fig. S1B ). Our data also showed that, in these earlier intervals, the difference in sensitivity to monastrol between IVM and IVV oocytes was significant. Likewise, we tested two other mouse laboratory strains, MF1 and Bl6, and the results showed that the differences in sensitivity to monastrol between IVM and IVV oocytes was not restricted to CD-1 strain (Supplemental Fig. S1C ).
Eg5 Accumulates on IVM Spindles
We aimed to determine whether the variability in sensitivity to monastrol between IVM and IVV oocytes was caused by different amounts of Eg5 on their spindles. IVM (20-h) and IVV (18-h) oocytes were obtained as described previously, and Eg5 was detected with specific antibody. The quantification of the total amount of the protein in the whole area of the spindle showed significantly higher levels of Eg5 in IVM oocytes than in IVV oocytes (Fig. 2, A and B) with distribution to the spindle poles in IVM oocytes (Fig. 2, C and D) . We also analyzed the accumulation of the Eg5 protein on the spindle in oocytes in earlier time intervals, 12, 14, and 16 h (Supplemental Fig. S1D ). The results were consistent with our previous results showing significant difference in Eg5 accumulation on MII spindles between IVM and IVV oocytes. To analyze whether the accumulation of Eg5 protein on spindles in IVM oocytes is caused by recruitment of this molecule from cytoplasm or whether the total level of this molecule is higher in IVM oocyte, we used qPCR and measured the level of Eg5 mRNA in both groups. Our results showed that the relative expression of Eg5 was similar between IVM and IVV oocytes at 12 h. Later, at 18 h, the level of Eg5 transcript was significantly higher in IVM oocytes than in IVV oocytes (Supplemental Fig. S1E ).
Sister Kinetochores Are Farther Apart in IVM Oocytes
In order to capture subtle differences in morphology of the spindle, which might escape detection using standard procedures, we used modified immunofluorescence protocol and oocytes were scanned in drops of PBS without mounting and compressing them between glass slides. This allowed preservation of the unperturbed 3D structure of the spindle. For measurement, we used only cells in which the longitudinal spindle axis was parallel with the focal plane. Data obtained using this technique revealed that, although the length of the IVM and IVV MII spindles was similar (data not shown), the distances between sister kinetochores were extended in IVM oocytes (1.85 6 0.37 lm) compared to those in IVV oocytes (1.64 6 0.34 lm) (Fig. 3, A and B) . In theory, forces pulling more strongly on spindle microtubules, conveyed to the kinetochore via kinetochore fibers [25] , may generate this extension, and because the Eg5 is responsible for elongation of the spindle, we tested the effect of its overexpression on interkinetochore distances. IVM oocytes were matured for 18 h, and then half of them were injected with cRNA encoding Eg5. After 2 h of culture, cells were immunostained and scanned using confocal microscopy. The distances between sister kinetochores were measured as before. Our results showed that the overexpression of Eg5 increases distances between sister kinetochores (2.37 6 0.46 lm) (Fig. 3C) , which is consistent with the increased interkinetochore distances observed in IVM oocytes in our previous experiments, as these also have more Eg5 on the spindle than IVV oocytes do. It is, however, important to mention that the overexpression of Eg5 also increased the total length of the spindle (Supplemental Fig.  S1F ).
Sensitivity to Monastrol in IVM Oocytes Is Acquired Gradually and Decreases With Prolonged Culture
In order to establish whether the sensitivity to monastrol is changing with time of in vitro culture, IVM oocytes were exposed to monastrol at 20 and 28 h. At 20 h, 81.13% of IVM cells showed collapsed spindles, but 8 h later, this number was reduced to 49.15% (Fig. 4A) . This demonstrated that, during prolonged in vitro culture, molecular composition of the MII spindle is changing and that the spindles became more resistant to monastrol. Next we aimed to determine when during meiosis the sensitivity to monastrol is acquired. We therefore compared usual groups of IVM and IVV oocytes with oocytes isolated from the ovaries 6 h after hCG administration at MI stage (IVV MI group). These oocytes were subsequently cultured in vitro for 12 h. All three groups were exposed to monastrol and scored for spindle phenotypes (Fig. 4B) . Oocytes initially matured in vivo, and then isolated and cultured in vitro had spindles collapsed in 37.75% of cells, whereas 92.23% of IVM and 1.81% of IVV oocytes had spindles collapsed. The phenotype of IVV MI group was between IVV and IVM groups, indicating that the degree of monastrol sensitivity is dependent on duration of the exposure to the IVM conditions.
Forced Reassembly of the Meiosis II Spindle Renders IVV Oocytes Sensitive to Monastrol
To test whether a higher concentration of Eg5 protein on the spindle and increased sensitivity to monastrol is a direct consequence of assembly of the spindle in vitro, we used IVV oocytes isolated as described previously and forced them to rebuild the spindle in vitro by transiently depolymerizing spindle microtubules. In preliminary experiments, we determined that exposure of cells to 100 lM nocodazole for 30 min was sufficient to destabilize spindle microtubules (data not shown). After removal of the nocodazole from the medium, almost all oocytes reestablished their spindles within 2 h (data not shown). Oocytes with reassembled spindles were then exposed to 100 lM monastrol for 2 h and then fixed for scoring spindle defects. Some cells with reassembled spindles were used for the analysis of Eg5 protein levels without prior exposure to monastrol. Our results showed that IVV oocytes, which were forced to reassemble their spindles in vitro, are not only more sensitive to monastrol (Fig. 4C ) but they also accumulate more Eg5 on their spindles, with levels similar to those of IVM oocytes (Fig. 4D ).
DISCUSSION
Our results revealed an important difference in the molecular composition of the spindle between mouse oocytes matured in vitro and those which underwent first meiotic 3 2 h and subsequently exposed to 100 lM monastrol. Full-length (green), shortened (orange), collapsed (red), and not-present (blue) spindles were scored. The frequency of collapsed spindles in IVV oocytes and IVV oocytes after reestablishing the spindle in vitro conditions after monastrol treatment was significantly different (P , 0.0001); data were collected from three independent experiments. D) Relative quantification of Eg5 in the spindle area in IVM (n ¼ 22) and IVV (n ¼ 27) oocytes and in IVV oocytes after reestablishing the spindle (n ¼ 28). Results were obtained from three independent experiments; the differences between groups (arrows) are statistically significant (***P , 0.0001).
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division in the ovary. This difference, together with the data published by other laboratories, which demonstrated the differences in number and distribution of microtubule organizing centers between IVM and IVV oocytes [11, 15] , emphasizes the profound changes in spindle assembly and maintenance caused by the exposure of oocytes to in vitro conditions. The currently accepted model describes the bipolar spindle as a result of equilibrium of various forces, including those produced by molecular motors [25, 26] . In respect to the formation of the bipolar spindle, the central role belongs to Eg5 molecular motor, which is capable of crosslinking and sliding antiparallel microtubules, thereby pushing the spindle poles outward [27] . Eg5 is an essential gene, and its disruption causes perturbation of the development with early embryonic lethality [28, 29] . It seems that in most model systems the role of Eg5 in the assembly of the spindle was firmly established; however, its further participation in the maintenance of the bipolar spindle appears to be more controversial [30] [31] [32] [33] . In contrast, in mammalian oocytes, it was clearly shown that the Eg5 activity is required not only for assembling the spindle [23, 34, 35] but also for maintaining its bipolar character and poleward tubulin flux [22] and for spindle elongation during anaphase [22, 36] . The importance of Eg5 declines with the progression of the embryonic development, and cells in blastocysts are only partially sensitive to Eg5 inhibitors [22] . All this demonstrates that Eg5 plays a particularly important role in oocytes and early embryos. Our finding demonstrated that the spindles of IVM oocytes contain significantly more Eg5 and that they are also more sensitive to Eg5-specific inhibitor monastrol. Both of these results indicate that the IVM conditions are affecting an essential functional characteristic of the spindle and also that the bipolarity of the spindle in IVV oocytes must be achieved by a molecular mechanism less dependent on Eg5. However, the molecular components of this pathway remain to be elucidated. Quantification of Eg5 mRNA showed elevated expression of Eg5 mRNA in IVM oocytes at 18 h. This might be responsible for the differences in Eg5 protein levels on IVM and IVV spindles. However, we also showed that IVV oocytes forced by nocodazole to reassemble their spindles in vitro showed both characteristics of spindles assembled in IVM oocytes, namely elevated levels of Eg5 on the spindle and increased sensitivity to monastrol. Also, the Eg5 is accumulated at the spindle in IVM oocytes significantly more in 12 h, when, according to our qPCR results, the expression of mRNA is similar in both groups. Therefore, it needs to be determined whether the elevated Eg5 transcription or some other factors are responsible for the changes of pathways controlling spindle bipolarity in IVM oocytes. In conclusion, we revealed an important difference between IVM and IVV oocytes. The spindle apparatus controls the final distribution of the chromosomes between the egg and the polar body. Because the chromosome division in oocytes is frequently incorrect [37] , it is also important to consider that the spindle assembly and maintenance in cells cultured in vitro are altered in comparison to in vivo cells. Major changes to the important pathways, such as the maintenance of spindle bipolarity, are likely to have an effect on the genetic integrity of gametes. It remains to be addressed whether similar differences between IVM and IVV oocytes could be also observed in other species, namely in human and other large mammals. It is quite important since in human assisted reproductive technologies (ART) as well as in techniques used in assisted animal reproduction IVM of gametes is frequently used.
